Objective: To characterize a brainstem location specific to coma-causing lesions, and its functional connectivity network.
arousal through ascending projections to other brain regions (originally termed the ascending reticular activating system, or ARAS), 1, 4 but this network of brain regions in humans is also unclear.
Here, we aim to identify the brainstem region affected by coma-causing lesions and its functional connectivity network. First, we localize coma-causing brainstem lesions, using strict clinical criteria for coma, and statistically compare these to control lesions that do not impair conscious wakefulness. Second, we use connectome data derived from resting-state functional connectivity MRI (rs-fcMRI) to determine the network associated with these brainstem lesions in healthy individuals. Finally, we investigate the functional connectivity of this network in patients with disorders of consciousness.
METHODS See appendix e-1 at Neurology.org for a full description of the methods. In a case-control design, we first collected a series of focal brainstem lesions-which either caused coma or were "controls" (i.e., did not impair conscious wakefulness)-from local cases and cases reported in the literature. Lesions were delineated by CT, MRI, or autopsy (see table e-1). We reproduced all lesions onto a template brain, separately overlapped coma and control lesions, and compared locations of the 2 lesion groups through 2 methods: subtracting the control from the coma lesions, and conducting voxel-based lesion-symptom mapping (computing the degree to which each voxel is preferentially involved by coma lesions as compared to control lesions). 5 These methods identified a "coma-specific region" of the brainstem significantly more affected by comacausing lesions compared to control lesions.
We then used rs-fcMRI to investigate the brain network associated with our coma-specific brainstem region. 6, 7 Rs-fcMRI identifies spatially disparate regions of the brain that exhibit synchronous (i.e., correlated) fluctuations in the fMRI signal. To identify this region's connectivity network in the normal brain, we utilized a normative rs-fcMRI dataset acquired from 98 right-handed, healthy participants (48 men, ages 22 6 3.2 years). 7 By measuring fluctuations in activity in the comaspecific region, and correlating those fluctuations to those of all other voxels in the brain, we identified regions "functionally connected" to the coma-specific brainstem region (t value . 4.25, indicating regions of correlation at p , 0.00005, uncorrected). We also used a voxel-wise t test to determine whether these identified regions were significantly more connected to coma lesions than to control lesions.
At the standard rs-fcMRI statistical threshold of t . 4.25, our primary analysis identified only cortical connectivity, and failed to identify functional connectivity to subcortical sites previously implicated in arousal. 2, 4, 8, 9 We therefore relaxed statistical thresholds and examined connectivity specifically to some of these structures, such as the thalamus (t . 3.75, p , 0.0005, uncorrected), hypothalamus, basal forebrain, amygdala, and bed nucleus of the stria terminalis (t . 2, p , 0.05, uncorrected).
Each subcortical structure was tested for connectivity to coma lesions vs control lesions.
We compared the topography of the cortical regions identified by our network analysis to that of previously defined resting-state networks. 10, 11 Although correspondence to such networks was poor, we noted that these cortical regions resembled the previously reported locations of von Economo neurons (VENs) (see discussion). To assess the correspondence between the identified network nodes and the distribution of VENs in the human brain, we used MRI and histology of a postmortem brain to develop a brain-wide mask of VEN distribution. We then quantitatively evaluated the correspondence of the identified cortical nodes to the brain-wide VEN distribution, as well as to previously defined resting-state networks. 10, 11 For each node, we expressed overlap as: (voxels within both node and mask)/(voxels within node).
To assess connectivity of the identified network in disorders of consciousness, we used an independent rs-fcMRI dataset acquired from 26 patients in a minimally conscious state (MCS), 19 patients in a vegetative state/unresponsive wakefulness syndrome (VS/UWS), 6 patients in coma, and 21 age-matched healthy controls. We compared connectivity between the 2 cortical nodes of our network to connectivity between nodes of the default mode network and motor network. We then compared network connectivity between healthy controls, patients with coma, and patients with disorders of consciousness characterized by impaired awareness (MCS and VS/UWS). We collapsed across MCS and VS/UWS in our main analysis to maximize statistical power and because connectivity between our cortical nodes did not significantly differ between these conditions. To standardize across networks, we expressed internode connectivity as a ratio of connectivity in healthy controls. We used t tests to identify whether network connectivity differed from zero, differed between groups, or differed between networks.
Standard protocol approvals, registrations, and patient consents. The Partners Institutional Review Board approved this study. See appendix e-1 for a full description of lesion collection and patient recruitment.
RESULTS Lesion analysis. We collected 36 focal brainstem lesions from patients encountered locally or described in the literature. 3, [12] [13] [14] [15] Coma-causing lesions maximally overlapped in the pontine tegmentum (10 of 12 cases; figure 1A ). In contrast, control lesions primarily involved the pontine base (11 of 24; figure 1B ). Subtracting control lesions from the coma lesions, or performing voxel-based lesion-symptom mapping (p , 0.05, corrected for false discovery rate), revealed a 2-mm 3 "coma-specific region" significantly more involved by coma lesions compared to control lesions, located in the left pontine tegmentum, near the medial parabrachial nucleus (figure 1, C-E). Ten of 12 coma lesions, but only the periphery of 1 of 24 control lesions, involved this region (figure e-2A). The 2 coma lesions that spared this region involved the midbrain immediately rostral to it (figures e-2, B and C, and e-3A). Some coma-causing lesions involved this left-lateralized region alone, without appearing to extend, at least within limits of MRI resolution, into the right pontine tegmentum or midline midbrain (e. g., cases 8 and 9, figure e-1A).
Network analysis. To identify brain regions in the network of the coma-specific region, we performed an rs-fcMRI analysis of data from a large cohort of healthy participants. 7 This analysis revealed 2 nodes functionally connected to our brainstem region: one node was located in the left ventral, anterior insula (AI) (in an agranular subregion also known as frontoinsular cortex 16 ) extending into a small portion of the claustrum, and the second was located in the pregenual anterior cingulate cortex (pACC) (figures 2 and e-3, B and C; table e-2). These findings were similar with or without regression of the global signal (figure e-4) 17 and were not driven by CSF signal (figure e-5). Voxels within both nodes were functionally connected to all 12 coma lesions (figure 2C), and were significantly more connected to coma lesions than to control lesions (p , 0.05; figure 2D ). At a lower statistical threshold, the coma-specific region showed connectivity to midline and lateral thalamus, posterior hypothalamus, and basal forebrain (figure e-6). However, unlike connectivity to the AI and pACC, none of these connections were specific to coma lesions over control lesions.
Together, the AI and pACC do not match any cortical network previously defined by rs-fcMRI analysis 10, 11 : the AI node straddles the salience network, limbic network, and default mode network, while the pACC node falls mostly within the default mode network. However, these 2 cortical regions are histologically unique as 2 primary sites of VENs, spindle-shaped neurons found in a select group of mammalian species (see discussion). Microscopic plotting of VENs in a human brain revealed that the AI and pACC nodes identified here correspond more closely to the VEN distribution than to any major resting-state network (figures 3 and e-7).
We conducted 3 additional analyses to further investigate rs-fcMRI between the coma-specific brainstem region, AI, and pACC. First, we used partial correlations to assess the directness of connectivity between each node. 18 Stronger partial correlations were observed between the brainstem node and AI (r 5 0.15) and between the AI and pACC (r 5 0.26), than between the brainstem node and pACC (r 5 0.06). This pattern persisted when using unweighted (i.e., binarized) seeds (figure e-8).
Second, we investigated the brainstem connectivity of the AI and pACC nodes. The AI node exhibited connectivity to the original brainstem node, and less so to a symmetric region of the contralateral pontine tegmentum (figure 4A). In contrast, the pACC node exhibited connectivity to the midline pontine base, not the tegmentum ( figure 4B ).
Third, we investigated the laterality of our fcMRI findings by flipping the brainstem node to the right and rerunning the connectivity analysis. The left AI and pACC remained the only cortical sites with AI-pACC connectivity in disorders of consciousness.
Finally, we used rs-fcMRI to investigate connectivity of our network in patients with disorders of consciousness, including coma, MCS, and VS/ UWS. 19 We focused our analysis on cortical AI-pACC connectivity because (1) brainstem connectivity was unreliable in this smaller dataset, and (2) this facilitated comparison to other cortical networks, including the default mode network and motor network. In comatose patients, connectivity was absent (not significantly different from zero) across all 3 networks. In patients with disrupted awareness (MCS or VS/UWS), connectivity was reduced in all networks (p , 0.001), but only absent between the AI and pACC ( figure 5 ). This reduction in AI-pACC connectivity exceeded that of other networks (p , 0.05) including the default mode network, a network previously implicated in disorders of consciousness. 20 Splitting MCS and VS/UWS into separate groups, only AI-pACC connectivity was absent in both groups. Motor network connectivity was present in both groups, and default mode network connectivity was present in MCS and absent in VS/ UWS (figure e-9).
DISCUSSION In this article, we identify and characterize a human brain network derived from comacausing brainstem lesions. First, we show that a small region of the left rostral dorsolateral pontine tegmentum is significantly more associated with coma-causing compared to control lesions, implicating it in arousal. Next, we show that this brainstem region is functionally connected to the left AI, and secondarily to the pACC. Finally, we show that patients with disorders of consciousness exhibit a connectivity deficit between the AI and pACC. Disrupting neurons bilaterally in or near the medial parabrachial nucleus impairs arousal in rodents. 2, 21 Our findings suggest that a similar brainstem region is important for arousal in humans. These findings replicate and extend those of Parvizi and Damasio (2003) , 3 refining the localization of this region by incorporating more coma-causing lesions and statistical comparisons to control lesions. Of note, in our results, this arousal-promoting brainstem region was relatively left-lateralized. This finding runs counter to conventional wisdom that a lesion must destroy midline or bilateral brainstem tissue to impair consciousness. 1, 3 As such, this finding should be interpreted with caution and requires replication in larger cohorts. However, there are reasons to think this result may be important. First, the left parabrachial region exhibited stronger connectivity to the identified network than the homologous parabrachial region on the right, suggesting that brainstem connectivity in this region may be asymmetric. Second, the left parabrachial region is more active during wake relative to sleep. 22 Finally, hemorrhages can occur unilaterally in the right pontine tegmentum without disrupting consciousness. 23 Brainstem arousal neurons project through an ascending activating system (i.e., ARAS), but the targets of this system are unclear. 2, 9 Our results suggest that the left AI, and secondarily the pACC, may be important targets of this system. These functional connectivity results are consistent with known axonal projections between the parabrachial region and AI 24 and from the AI to ACC 25 in rodents and monkeys. Other regions that receive axonal projections from the Network analysis
The coma-specific brainstem region exhibits functional connectivity to clusters in the anterior insula (AI) (A) and pregenual anterior cingulate cortex (pACC) (B). Voxels within these nodes were functionally connected to all 12 coma lesions (green) (C) and were more functionally connected to coma lesions (orange; p , 0.05) than control lesions (blue; p , 0.05) (D).
parabrachial region include the thalamus, hypothalamus, basal forebrain, central nucleus of the amygdala, and bed nucleus of the stria terminalis. 2, 4, 8, 9 Several of these regions exhibited functional connectivity to our coma-specific brainstem region at lower thresholds but failed to show selective connectivity to coma lesions over control lesions. This nonspecific connectivity may reflect limitations of our functional connectivity technique (see below) but may also indicate that some of these structures are not as critical to arousal as once thought: large thalamic ablations, for instance, do not impair wakefulness in experimental animals. 2 The 2 regions that did show selective connectivity to coma-causing brainstem lesions, the AI and pACC, were previously implicated in arousal and awareness (i.e., the content of experience). Both regions are more active during wakefulness 22, 26 and autonomic arousal. 27 Moreover, the AI and ACC become jointly active during awareness of visual, somatosensory, interoceptive, and other sensory stimuli. 27, 28 Our AI node includes an anterior portion of the claustrum, which has been speculated to have a role in consciousness. 29 Finally, in a case report, electrical disruption of the AI selectively impaired conscious awareness (figure e-10) 30 ; to date, there are no reports of other brain regions producing this effect.
Of note, brainstem connectivity to the AI appears left-lateralized, even when generated from a rightsided brainstem seed. Although unexpected, the implication of left-lateralized cortical regions in sustaining consciousness is supported by prior findings: left hemispheric inhibition with intracarotid amobarbital more frequently disrupts consciousness than right-sided inhibition 31 ; decreased connectivity within the left hemisphere, but not the right, predicts diminished levels of consciousness 32 ; seizures that impair consciousness tend to originate in the left hemisphere 33 ; loss of consciousness after penetrating trauma is more frequent when the brain injury involves frontotemporal regions of the left hemisphere relative to the right 34 ; and it was the left AI that, when electrically disrupted, eliminated consciousness. 30 That said, the right hemisphere may underlie other elements of consciousness, such as attention. 35 Thus, the left-lateralization of the network identified here, and the lateralization of consciousness more generally, warrants further investigation. Although we identified our AI and pACC regions based on resting-state functional connectivity with a single site, these regions do not fall within a single previously defined resting-state network. However, both regions do correspond to the distribution of VENs. 36 These spindle-shaped neurons are found in the AI and ACC of particular mammals, such as humans, other great apes, whales, dolphins, and elephants. 28, 36 Based on their large size and dendrites that span all cortical layers, VENs have been proposed to rapidly integrate and transmit information across large brains. 36 Species with VENs in the AI and ACC are generally capable of more complex cognition, such as self-recognition in a mirror. 28 Moreover, selective degeneration of VENs has been observed in behavioral variant frontotemporal dementia, a condition in which cognition and self-regulation are impaired. 37 Although the precise function of these neurons remains unknown, it has been speculated that they have a role in some form of self-awareness. 28, 37 Given that our AI-pACC network was identified by coma-causing lesions, one might expect it to be disrupted in patients with disorders of consciousness.
Here, we show that connectivity between the AI and pACC is disrupted in these patients, and to a greater extent than connectivity within the default mode network, a network previously implicated in disorders of consciousness. 20 There are several limitations to the current work. First, the rarity of focal brainstem lesions In patients with disorders of consciousness (minimally conscious state or vegetative state/ unresponsive wakefulness syndrome), connectivity was more diminished between the anterior insula (AI) and pregenual anterior cingulate (pACC) nodes than within the motor or default mode networks (*p , 0.05). Error bars represent SEM.
causing coma limited the number of new lesions we could include, so additional cases were acquired from a retrospective literature review, creating potential for selection and reporting bias. Prospective validation in an independent and larger cohort may further refine the coma-specific brainstem region. Second, rs-fcMRI has limited spatial resolution, a factor particularly relevant in the brainstem; better resolution and larger cohorts may refine functional brainstem anatomy further. Third, rs-fcMRI cannot determine whether functional associations are mediated by mono-or polysynaptic connections, or the directionality of these connections, and the absence of rs-fcMRI connectivity does not imply absence of anatomical connectivity. Fourth, several of our results appeared leftlateralized, but because handedness was difficult to ascertain from some comatose patients and our rs-fcMRI dataset cohort was right-handed, it is unknown whether lateralization of this network depends on hemispheric dominance. Fifth, in disorders of consciousness, AI-pACC connectivity did not differentiate between MCS and VS/UWS. Because both conditions involve severe impairments in awareness, larger cohorts may be necessary to reveal subtle differences in AI-pACC connectivity between these 2 groups. Sixth, given a correlation between insula-ACC connectivity and heart rate variability, 38 we cannot exclude the possibility that connectivity differences between healthy individuals and individuals with disorders of consciousness may be confounded by unanticipated differences in heart rate variability. Finally, while lesions involving the insula and cingulate cortex can disrupt aspects of consciousness in humans and experimental animals, 28 some patients with extensive ACC or AI lesions later regain consciousness. 39 The role of these regions in supporting consciousness, including the possibility of redundant support between regions, must be clarified through further investigation.
In light of the evidence provided, it is worth speculating whether this brainstem-AI-pACC network could have a role in human consciousness. Consciousness is often defined in terms of 2 components: arousal and awareness. 1, 40 While arousal is thought to be sustained through ascending projections of brainstem structures, awareness is thought to depend more on the cerebral cortex. 40 Here, we identify a network comprising a brainstem region, which when lesioned disrupts arousal, and VEN-containing cortical regions, which show disrupted connectivity in patients with impaired awareness. This network may therefore serve as a neuroanatomical interface between arousal and awareness, the 2 fundamental components of human consciousness. 
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Comment: Coma-causing brainstem lesions
Accurate diagnosis and prognosis of patients with severe long-term disorders of consciousness (and remission rates from these conditions) are challenging, especially when the patient's capacity to show signs of consciousness is absent. The rate of misdiagnosis in these patients is as high as 43%, 1 and reliable prognostic markers are rare. 2 This study identifies-in a healthy cohort and in patients in coma-brainstem sites consistently associated with coma, and network areas functionally connected with this brainstem site. 3 The novel finding is a coma-specific region in the left pontine tegmentum near the medial parabrachial nucleus that is associated more with coma-producing than with non-coma-producing brainstem lesions. This area's functional connectivity with the left ventral anterior insula (AI) and the pregenual anterior cingulate cortex (pACC) match well with the distribution of von Economo neurons. There are stronger partial correlations between the pontine node and the AI, and between the AI and the pACC, than between the pontine node and the pACC. After flipping the brain activation to the right side, the left AI and pACC remained connected to the pontine node, indicating the existence of a left-lateralized network involving the pons, AI, and pACC.
This study is important for neurologists because it concerns the neurologic evaluation of patients in coma and remission states, to define treatment aims and care; it provides new insights into the neuroanatomical bases of arousal and consciousness in humans and a better understanding of coma-producing brain network disruptions. This new insight can help the establishment of new diagnostic and prognostic neuroimaging markers to reduce misdiagnosis and misprognosis that are of great value in an era of increasing cost pressure in health care when neurologists must still recommend the best acute treatment and neurorehabilitation for their patients.
